Background: Early-stage non-small cell lung cancer (NSCLC) patients have a high risk of disease relapse despite curatively intended surgical resection, and the detection of tumour cells in the bone marrow could be one method of determining the presence of the disseminated disease in its early stages.
Lung cancer, of which non-small cell lung cancer (NSCLC) accounts for 85% of the cases, retains its position as one of the most commonly diagnosed cancer forms and the leading cause of cancer-related mortality (Jemal et al, 2011) . Approximately 30% of NSCLC patients present with early-stage disease, but relapse occurs in nearly half of these patients despite curatively intended surgical resection. One possible explanation could be that some patients diagnosed with localised NSCLC may have a more extensive disease, with a systemic dissemination of tumour cells that is not detectable using the standard clinical methods. Such cells can be detected in the blood (circulating tumour cells, CTCs) or in the bone marrow (disseminated tumour cells, DTCs) . The ability to detect early dissemination could potentially identify subgroups of early-stage patients with a high risk of disease relapse that could benefit from adjuvant therapy. A number of studies on various cancer types have reported an association between the presence of DTCs at the time of tumour resection and patient outcome . Controversy exists, however, regarding the biological and clinical significance of DTCs, as only a small fraction of the tumour cells released into the circulation are able to form distant metastases (Fidler, 2003) . Thus, some of the tumour cells detected in the bone marrow may be dormant and not necessarily of clinical importance (McGowan et al, 2009) . In NSCLC, the currently available investigations on the prognostic value of DTCs have shown conflicting results (Cote et al, 1995; Pantel et al, 1996; Ohgami et al, 1997; Passlick et al, 1999; Hsu et al, 2000; Poncelet et al, 2001; Osaki et al, 2002; Sugio et al, 2002; Hsu et al, 2004; Brunsvig et al, 2008; Rusch et al, 2011) . As of today, the detection of DTCs has no impact on NSCLC staging or treatment recommendations.
Several methods exist to identify tumour cells in the bone marrow of cancer patients. Immunocytochemistry (ICC), using antibodies against epithelial markers, has traditionally been the most common approach, followed by RT-PCR for the detection of tumour-and epithelial-cell-specific mRNA transcripts (Coello et al, 2004) . The two antibodies most commonly used in ICC are A45-B/B3, which has been reported to recognise cytokeratins (CK) 7, 8, 18 and 19 (Stigbrand et al, 1998; Effenberger et al, 2011) , and AE1/AE3, which stains CKs 1-8, 10, 11, 13-16 and 19 (Coello et al, 2004) . In our laboratory, we have developed an immunomagnetic selection (IMS) method, in which small magnetic particles coated with the antibody MOC31 are used to isolate tumour cells from the bone marrow. MOC31 recognises the EpCAM antigen, which is consistently expressed on the surface of most human epithelial cells (Flatmark et al, 2002) , including most NSCLCs (Passlick et al, 2000; Went et al, 2006) . The IMS method has previously been shown to provide a useful strategy for DTC detection in various cancer types, including lung cancer (Beiske et al, 1992; Flatmark et al, 2002; Faye et al, 2004; Bruland et al, 2005; Brunsvig et al, 2008; Flatmark et al, 2011 ). An advantage of the IMS method is that it allows rapid screening of as much as 2 Â 10 7 cells, approximately ten-fold the number of cells usually analysed using ICC.
In this prospective study, we have investigated the presence of DTCs in the bone marrow collected from 296 patients with stages I-IIIA NSCLC undergoing curatively intended surgery, using both IMS and ICC. In addition, 81 bone marrow samples from healthy volunteers were investigated using IMS. We have compared the results from the two methods, investigated the associations with clinicopathological parameters and examined the prognostic impact of the presence of DTCs.
MATERIALS AND METHODS
Patients. Between December 2008 and August 2012, 296 patients with presumed or verified NSCLC who underwent curatively intended surgical resection at Rikshospitalet, Oslo University Hospital, Oslo, Norway were prospectively included in the study. Approval was received from the Regional Ethics Committee (S-06402b), and all the patients were informed and signed a written consent. The bone marrow was aspirated from the posterior iliac crest bilaterally under general anaesthesia at the time of primary surgery, prior to the surgical procedure. Forty patients were excluded from the study for the following reasons: histology other than NSCLC (benign histology (1), small-cell lung cancer (5), carcinoid (10) and lung metastases from other primary cancer types (4)), metastatic disease at the time of surgery (4), insufficient material for analysis (11) and bone marrow sampled at reoperation (5). The study population thus included 256 patients with histologically verified primary NSCLC. Resected tumour tissue was processed for routine histopathological assessment, and the histological subtypes were classified according to the WHO criteria. Tumours were staged according to the Union for International Cancer Control (UICC), TNM 7, and histopathological parameters were retrieved from the pathology reports. After surgery, patients were followed by clinical evaluation and radiological examination (CT or a conventional X-ray of the chest) in their respective local hospitals according to national guidelines. Follow-up data were obtained from the local hospitals and in some cases by contacting the patient's general practitioner. In addition, survival data were obtained from the National Registry of Norway and updated on 4 March 2013.
Immunomagnetic selection. The IMS was performed as described previously (Flatmark et al, 2002) . In brief, Dynabeads M450 sheep anti-mouse (SAM) IgG1 (Dynal, Oslo, Norway) were coated with MOC31 antibody (batch no. 80.000, IQ products, Groningen, The Netherlands). Uncoated beads for control experiments were prepared in the same manner, without adding the MOC31 antibody. MNCs were separated from the bone marrow using Lymphoprep gradient centrifugation (Nycomed/Axis-Shield, Oslo, Norway), washed and then resuspended in PBS with 1% human serum albumin (HSA). To 10-ml test tubes, 2 Â 10 7 MNCs were added, and magnetic immunobeads with or without MOC31 antibody were added at a ratio of one bead to two MNCs in a total volume of 1 ml. The samples were incubated under continuous rotation at 4 1C for 30 min, then diluted in cold PBS with 1% HSA and exposed to a strong magnet for 1-2 min to separate bound and unbound cells. The supernatant containing the unbound cells was removed, and the positive fraction was resuspended in PBS with 1% HSA. Fractions of 20 ml from the cell suspension were then examined using light microscope to identify and count the number of cells with membrane-bound beads. Cells were considered positive if they had bound a minimum of five beads to its surface and, evaluating the size and morphology, had diameters that exceeded the diameters of two beads (Figure 1) . To determine the number of EpCAM þ cells required to classify a bone marrow sample as positive, bone marrow samples from 81 healthy volunteers were investigated using the same method. Approximately 20 ml of bone marrow was aspirated from the posterior iliac crest of the donors and processed and evaluated as described above.
Immunocytochemistry. Of the 256 collected BM samples, 238 samples had enough cells for the production of cytospins. Cytospins were prepared by centrifuging MNCs isolated from the bone marrow onto glass slides using a Hettich cytocentrifuge (Tutlingen, Germany). The slides were air-dried overnight and stored at À 70 1C. ICC was performed by incubating four slides (500 000 cells per slide) with the anti-CK monoclonal antibodies AE1 and AE3 (Millipore, production numbers MAB 1612 and MAB 1611, Billerica, MA, USA). Four additional slides were incubated with a control antibody of the same immunoglobulin subtype (MOPC-21, IgG1, Sigma, prod. no. M9269, St Louis, MO, USA). The cytospins were screened using the Ariol SL50 automated screening system (now Leica Biosystems, Wetzlar, Germany) and reviewed by a dedicated technician. All possible positive candidate cells were closely evaluated by a pathologist and subjected to strict morphological classification according to standardised criteria as previously described (Borgen et al, 1999; Naume et al, 2004) . A sample was scored as positive if no similar positive cells were detected in the corresponding negative control or if a higher number of positive cells were present in the AE1-/ AE3-stained slides than in the corresponding negative control slides. The presence of the same (or a lower) number of cells scored as tumour cells in the AE1-/AE3-stained slides as in the corresponding negative controls resulted in the exclusion of the sample (four cases).
Statistical analysis. Associations between the presence of DTCs and histopathological parameters were examined using a two-tailed Fisher's exact test or a linear-by-linear association w 2 test as appropriate. For analyses of associations between the number of DTCs detected using IMS and clinicopathological parameters, twosample t-test or one-way ANOVA test, as appropriate, was used. Survival was estimated according to the Kaplan-Meier method, and survival curves were compared using the log-rank test. Survival was measured from the date of surgery until the date of diagnosis of a recurrence or metastasis for relapse-free survival, and from the date of surgery until the death date for overall survival. All data analyses were performed using the SPSS statistical software version 18.0 (SPSS Inc., Chicago, IL, USA), and P-values o0.05 were considered statistically significant.
RESULTS
Patient characteristics and outcome. The clinicopathological parameters of the patient cohort are summarised in Table 1 . There were 49% female and 51% male patients, and the mean age at the time of surgery was 67 years (range 39-87 years). One hundred and fifty-five patients (60%) were in pTNM stage I, whereas 63 (25%) patients were in pTNM II and 38 (15%) were in pTNM III. For the follow-up and survival analysis, only patients who had undergone surgery before September 2011 were included, which resulted in a cohort of 183 patients with a median follow-up period of 23.4 months (range 6.2-50.4 months). Fifty-five of the 183 patients (30%) developed local recurrence or metastasis, whereas 46 patients (25%) died during the follow-up period.
Detection of EpCAM
þ cells in bone marrow from healthy donors. Among the 81 healthy bone marrow donors, there were 17 male and 64 female donors, and the mean age at the time of bone marrow aspiration was 37 years (range 20-63 years). MOC31-bead-bound (EpCAM þ ) cells were found in 20 samples (25%), with a median number of 6 rosetted cells (range 2-39). One sample contained 39 rosetted cells, and the remaining varied between two and nine cells. Based on these findings, the cutoff value for a positive sample was set at 10 cells, which resulted in one positive donor bone marrow sample (1.2%). Consequently, a patient sample was classified as positive if it contained a minimum of 11 EpCAM þ cells, and no positive cells were observed in the corresponding SAM IgG-bead control.
Detection of DTCs in patient samples and associations with clinicopathological parameters. Using the IMS method, four samples were excluded from the analyses because of the presence of IgG-bead-binding cells in the negative control, resulting in a total of 252 samples available for analysis. In 150 samples (59%), 410 -200) . Eleven to fifty EpCAM þ cells were detected in 68% of the positive samples, whereas 51-100 EpCAM þ cells were detected in 25% and more than 100 positive cells were detected in 7% of the samples. Associations between the presence of DTCs and clinicopathological parameters are summarised in Table 2 . As assessed using the IMS method, there was an even distribution of positive samples among the histological subgroups, with 91 out of 160 positive samples (57%) in the adenocarcinoma patients, 52 out of 79 (66%) positive samples in the squamous cell carcinoma patients and 7 out of 13 (54%) positive samples in the large-cell carcinoma patients. The presence of EpCAM þ cells did not differ according to the disease stage, as 90 out of 155 (58%) of the stage-I patients were positive and 60 out of 97 (62%) of pTNM stages II-III patients were positive. The presence of DTCs, detected using IMS, was not associated with any of the following clinicopathological parameters: pT, pN, tumour size, sex, age at surgery or tobaccosmoking habits (Table 2) . Dividing the patients with positive samples into groups according to the number of EpCAM þ cells, categorised as above, did not reveal any association with clinicopathological parameters. When analysing results using the ICC method, four samples were excluded from the analyses because of the presence of the same or a lower number of cells scored as tumour cells in the AE1/AE3 slides compared with the corresponding negative controls, resulting in a total of 234 evaluable patient samples. CK þ cells were detected in 25 of these samples (11%), and of these, 15 patients had one CK þ cell; three patients had two CK þ cells; four patients had three positive cells; one had four positive cells; one had five positive cells and one had 10 positive cells. A higher percentage of CK þ samples was found in patients who were at a more advanced pT stage; however, the difference was not statistically significant (Table 2 ). An association between squamous cell histology and positive ICC was revealed: 18% (13/72) of the squamous cell carcinoma patients were CK þ , compared with 7% (11 out of 150) of adenocarcinoma patients and 8% (1 out of 11) of large-cell carcinoma patients (P ¼ 0.05, Table 2 ). The presence of DTCs detected using ICC was not associated with pTNM, pN status, sex, age at surgery or tobaccosmoking habits (Table 2) . Of the 230 patient samples examined using both IMS and ICC, 14 patients were categorised as positive using both IMS and ICC, and there was no association between the results of the two detection methods.
Associations between clinicopathological parameters and patient outcome. The associations between clinicopathological parameters and the patient outcome are shown in Supplementary Table 1. Univariate analyses showed that the pTNM stage and the pN status were significantly associated with poor relapse-free survival (P ¼ 0.03 and 0.003, respectively, Supplementary Table 1) . Lymph node metastasis (pN1 or pN2 status) was the main contributor to the prognostic impact of the pTNM stage, whereas pT classification was not associated with poor outcome (P ¼ 0.47). There was a significant association between the patient outcome and sex, with a 3-year relapse-free survival rate of 49% for female patients, compared with 71% for male patients (P ¼ 0.02, Supplementary Table 1) .
Associations between DTCs and patient outcome. The presence of EpCAM þ cells as detected using IMS was not associated with relapse-free or overall survival when investigated using univariate Kaplan-Meier analyses (P ¼ 0.59 and 0.40, respectively, Figure 2A and B). In fact, 33 out of 118 (28%) of patients with EpCAM þ samples and 21 out of 62 (35%) of the patients with EpCAM À samples developed disease relapse during the follow-up period. Furthermore, the exact number of EpCAM þ cells detected was not associated with disease relapse (P ¼ 0.98, Cox univariate analysis). Finally, survival analyses were also performed on patients divided into subgroups according to the number of IMS-positive cells without revealing any associations with the outcome. For DTCs detected using ICC, there was a small, nonsignificant difference in relapse-free survival between patients with CK À and CK þ bone marrow samples (P ¼ 0.26, Figure 2C ). There was no association with overall survival (P ¼ 0.98, Figure 2D ). Forty-one percent (7 out of 17) of patients with CK þ cells in the bone marrow developed disease relapse during the follow-up period, compared with 28% (41 out of 148) of the patients with negative bone marrow sample developing disease relapse. A small difference in survival rates was found, as the 3-year relapse-free survival for ICC-negative patients was 64%, compared with 43% for ICCpositive patients. Subgroup survival analyses showed a prognostic impact of CK þ cells in male patients (P ¼ 0.05, data not shown) and in patients o65 years old (P ¼ 0.03, data not shown); however, caution should be taken when interpreting these results on account of the small number of patients in each group. 
DISCUSSION
In this study, we have investigated the presence and prognostic significance of DTCs in prospectively collected bone marrow samples from surgically resected NSCLC patients using two different methods: IMS and ICC. We found no association between the EpCAM þ cells detected with the MOC31 antibody using IMS and patient outcome in the present patient cohort. The presence of CK þ cells detected with the AE1/AE3 antibodies using ICC was associated with a reduced relapse-free survival in certain subgroups of patients, but there was no significant prognostic impact on the patient cohort as a whole. To our knowledge, this is the first study investigating two different methods of DTC detection in a relatively large NSCLC patient cohort.
The clinical relevance of DTCs has been demonstrated in several studies in many types of cancer (Lin et al, 2011) . Although previous investigations in lung cancer have shown somewhat contradictory results (Coello et al, 2004; Riethdorf et al, 2008; Balic et al, 2010) , several studies have not been able to demonstrate an association between DTC detection and patient outcome (Hsu et al, 2000; Poncelet et al, 2001; Osaki et al, 2002; Hsu et al, 2004; Brunsvig et al, 2008; Rusch et al, 2011) . Two of the latter studies included relatively large cohorts of early-stage NSCLC patients, with 212 and 115 patients, respectively; both performed ICC using anti-CK antibodies (Osaki et al, 2002; Hsu et al, 2004) . Furthermore, the largest study by Rusch et al (2011) , which analysed rib bone marrow from 821 patients with operable NSCLC using ICC with anti-CK antibodies, concluded that the presence of DTCs was not associated with reduced survival . Thus, based on the existing literature and our own results, we believe that no conclusive evidence exists to support the further development of DTC detection for clinical use in NSCLC.
As the presence of tumour cells in the bone marrow does not seem to reflect the outcome of lung cancer patients, one might speculate that the bone marrow is a less important microenvironment for metastatic spread in lung cancer than in other cancer types. Data indicate that the majority of DTCs and CTCs detected in the bone marrow and blood are in a non-proliferative or dormant state, unable to initiate metastasis in distant organs (Pantel et al, 1993 (Pantel et al, , 2009 ). This could explain the lack of prognostic relevance of DTCs detected in NSCLC patients. Interestingly, a recent study showed that an immunophenotypically defined population of CTCs, but not the bulk of EpCAM þ CTCs, was associated with decreased survival in metastatic breast cancer patients (Baccelli et al, 2013) . Indeed, the molecular characterisation of DTCs and CTCs is important and could potentially reveal subpopulations of cells with biological and clinical significance in NSCLC.
To establish a cutoff level for the number of EpCAM þ cells present in a bone marrow sample, we first investigated samples donated by 81 healthy volunteers. Using a cutoff of 10 rosetted cells, a reasonable specificity (98.8%) was achieved. Using this cutoff, 59% of the patient samples were classified as IMS-positive, which is higher than that in previous reports in NSCLC (Brunsvig et al, 2008) and other tumour types (Beiske et al, 1992; Flatmark et al, 2002; Faye et al, 2004; Bruland et al, 2005; Flatmark et al, 2011) . Interestingly, MOC31-bead-bound cells were detected in 25% of the donor samples, demonstrating that all the cells detected using the IMS method are not tumour cells. However, as the numbers of IMS-positive cells in the patient samples were significantly higher than in the donor samples, a significant fraction of the detected cells is most likely tumour cells. The possibility that concomitant pulmonary infection or inflammation might influence the presence of epithelial (EpCAM þ ) cells in the circulation and bone marrow should also be considered. In this study, the healthy donors constitute a different population from that of the patients in terms of age and gender distributions, whereas using COPD patients as a control group perhaps would have been more optimal. On the other hand, no association between the patients' tobacco-smoking habits and the presence of DTCs was found. Still, we cannot exclude the possibility that some of the detected cells constitute a non-malignant EpCAM þ cell population that increases with the development of NSCLC. In a previously published report, we found MOC31-bead-bound cells in only one out of the 176 patients with malignant melanoma (Flatmark et al, 2002) . The notable disparity in detected cells between this cohort and the healthy bone marrow donors in the present cohort further suggests the existence of a non-malignant EpCAM þ cell population that is influenced by systemic conditions, such as malignant disease. One can only speculate on the type and origin of these cells, but subpopulations of haematopoietic cells are known to express epithelial markers (Balic et al, 2010) . In fact, plasma cells have been found to express EpCAM (Bergsagel et al, 1992; Armstrong and Eck, 2003) , and weak binding of MOC31 to lymphocytes has been reported (Myklebust et al, 1991) .
The detection rate of 11% CK þ cells using ICC is lower than reported in most previous studies on NSCLC. Except in the large cohort presented by Rusch et al (2011) , where CK þ cells were detected in only 8% of bone marrow samples (Rusch et al, 2011) , the frequency in NSCLC patients has ranged from 22 to 60% (Cote et al, 1995; Pantel et al, 1996; Ohgami et al, 1997; Passlick et al, 1999; Hsu et al, 2000; Poncelet et al, 2001; Osaki et al, 2002; Sugio et al, 2002; Yasumoto et al, 2003) . One reason for this difference may be the favourable characteristics of the investigated patient cohort, as 60% of patients were in stage I and 74% were pN0. Furthermore, a standardised and careful cell evaluation was performed in our study to avoid scoring false-positive haematopoietic cells as tumour cells. Several of the previous studies that have reported a higher number of CK þ cells have used less strict criteria for DTC positivity (Osaki et al, 2002; Yasumoto et al, 2003; Hsu et al, 2004) . In contrast to the cells detected using IMS, the ICC-positive cells we have detected are in all likelihood tumour cells, as this method allows for morphological classification of the positive cells according to standardised criteria, and numerous previous studies using CK as an epithelial-cell marker have been published.
We observed a low degree of overlap between the detection methods, an observation that is in accordance with a previous study comparing IMS with ICC in colorectal cancer (Flatmark et al, 2011) , as well as with a comparison between two different anti-CK antibodies in breast cancer (Effenberger et al, 2011) . These findings suggest that different subpopulations of tumour cells with distinct molecular characteristics and biological properties are detected using the different antibodies. Moreover, CK expression may vary in tumour cells during disease progression (Woelfle et al, 2004; Willipinski-Stapelfeldt et al, 2005) , and individual CKs can be downregulated as a consequence of an epithelial-mesenchymal transition (Mani et al, 2008) . The frequency and number of DTCs detected may also be influenced by other factors, such as the time of bone marrow aspiration (before versus after the surgical procedure), the site and volume of aspiration (iliac crest versus costa or sternum), the number of cells examined, the antibodies used and the criteria for positivity.
Nearly half of NSCLC patients undergoing curatively intended surgical resection experience disease relapse, suggesting that systemic dissemination of tumour cells may occur early during tumour development in NSCLC patients, and the detection of disseminated disease in these patients could have a large clinical impact. Our data show that the presence of IMS-positive cells was not associated with the outcome, whereas a weak association with advanced tumour stage and poor prognosis was found for the ICCpositive patients. Taken together, the present results do not support the further development of DTC detection for clinical use in early stage NSCLC. In our opinion, future studies should incorporate molecular characterisation of DTCs, aiming to identify subpopulations of cells with biological and clinical significance.
